Background
==========

Following kidney transplantation, renal ischemia-reperfusion injury contributes to allograft dysfunction and loss. Promising experimental results have failed to translate into therapies for clinical use. This may be partly explained by methodological limitations in the experimental setting. In the preclinical model of renal ischemia-reperfusion injury, functional data based on standard biochemical parameters can only be obtained in the acute phase of injury \[[@B1],[@B2]\]. Specifically, serum creatinine levels were shown to represent a valid indicator of renal dysfunction only during the early post-ischemic period of 24 to 72 h \[[@B3]\].

Dynamic scintigraphy using the radioactive compound technetium-99m-mercapto-acetyl-tri-glycine \[^99m^Tc-MAG3\] was recently introduced as a technique for the determination of early functional changes in a murine model of renal ischemia-reperfusion injury \[[@B4]\]. The aim of the present study was to apply ^99m^Tc-MAG3 imaging for longitudinal follow-up studies of early and, most importantly, long-term kidney function after injury. The fractional uptake rate \[FUR\] was calculated in analogy to studies in humans \[[@B5],[@B6]\] as a measure of renal clearance using a modified protocol and enabled us to collect valuable information on individual long-term changes. To demonstrate the high accuracy and sensitivity of ^99m^Tc-MAG3 scintigraphy-based FUR, the study was performed using severe ischemia in a mouse strain with combined immunodeficiency of B cells, T cells, and natural killer cells that is known to confer protection from ischemia-reperfusion injury based on current functional parameters \[[@B7]\].

Methods
=======

Animals
-------

Male severe combined immunodeficient \[scid\] beige mice, aged 10 weeks and weighing 22 to 24 g, were purchased from Charles River Laboratories (Sulzfeld, Germany). The animals were fed a standard diet and were allowed free access to water. All animal experiments were conducted in accordance with the institutional guidelines and were approved by the Administrative Panel on Laboratory Animal Care (Government of Upper Bavaria, Germany).

Renal ischemia-reperfusion injury model
---------------------------------------

Mice were anesthetized by intraperitoneal injection with a combination of 0.05 mg/kg fentanyl, 0.5 mg/kg medetomidine, 5 mg/kg midazolam and were placed on a heated surgical pad to keep a constant body temperature. The right kidney was exposed through a median abdominal incision, and the mice were subjected to ischemia by clamping the renal pedicle with a nontraumatic microaneurysm clamp (B. Braun Melsungen AG, Melsungen, Germany) which was removed after 40 min. The incision was closed with a 5-0 suture and surgical staples. Postoperatively, anesthesia was antagonized by intraperitoneal injection of a combination of 2.5 mg/kg atipamezole, 0.5 mg/kg flumazenil, and 1.2 mg/kg naloxone.

Renal scintigraphy
------------------

^99m^Tc-MAG3 (Technescan MAG3, Covidien, Neustadt/Donau, Germany) imaging was performed in analogy to a previously described protocol \[[@B4]\]. Briefly, after hydration with sterile saline and induction of anesthesia with a combination of 0.05 mg/kg fentanyl, 0.5 mg/kg medetomidine, and 5 mg/kg midazolam, the mice underwent whole-body scintigraphy using one detector of a triple-headed gamma camera (Philips - formerly Picker - Prism 3000XP, Cleveland, OH, USA) equipped with a low-energy high-resolution \[LEHR\] collimator. A LEHR collimator was favored over a pinhole collimator \[PC\] as PC provides higher resolution but at the cost of lower sensitivity. PC would be ideal for static imaging where the frame time could be lengthened. However, this study was a dynamic study with a frame time of only 5 s. The calculation of FUR utilizes the data pre-peak of the renogram, which usually occurs within the first 2 min of the study. High sensitivity in detection as well as resolutions is required to achieve a better signal to noise ratios.

Acquisition of a dynamic planar imaging study was started with the i.v. injection of a standardized dose of approximately 37 MBq of ^99m^Tc-MAG3. One frame per 5 s was collected with a total scan time amounting to 10 min. The image acquisition magnification was set to ×4; after that, the scan anesthesia was antagonized as described above. To determine the baseline renal function, ^99m^Tc-MAG3 imaging was carried out 4 days before the ischemia-reperfusion surgery. Postoperative renal scans were performed on days 8 and 14 for the assessment of early and long-term kidney functions.

Image analysis
--------------

Image files were analyzed using Hermes Dynamic Study Display software V4.0 (Hermes Gold V2.10, Hermes Medical Solutions, Stockholm, Sweden/London, UK) by standard manual region of interest \[ROI\] analysis of the whole body, including both kidneys and their background regions, as well as the site of injection, bladder, and blood pool over the heart region (Figure [1](#F1){ref-type="fig"}). The ROI that was defined over the heart region was used to generate a cardiac activity time curve. As a first approximation, this curve was considered to be proportional to a plasma clearance curve, *P*(*t*). Any extravascular component in the cardiac curve has been neglected as it is thought likely to be small within the first 2 min. Data were exported to Microsoft Excel to assess renal function. Renogram values represented as percentage of injected dose \[%ID\] were obtained by the division of the background corrected kidney ROI by the injection site corrected whole body ROI.

![**Image files**. (**A**) Data summed between 30 and 90 s post injection. (**B**) Data summed between 5 and 6 min post injection. The standard manual ROI determination was performed for the left (ROI 1) and right kidneys (ROI 2), the cardiac region including the left ventricle (ROI 3), as well as subrenal kidney backgrounds (not shown).](2191-219X-2-2-1){#F1}

Calculation of the fractional uptake rate
-----------------------------------------

The FUR expresses the fraction of tracer in the blood taken up by the kidney per time unit as a measure of renal clearance. For the calculation of FUR, both kidney and cardiac curves were expressed in units of counts per second. The calculation was based on the equation previously proposed for patient studies \[[@B5]\], namely FUR *= P*(0) × (*k*~l~+ *k*~r~)/ID, where *k*~l~and *k*~r~(per second) are the slopes of the linear uptake \[LU\] segment of the Patlak-Rutland \[PR\] plots for the left and right kidneys, respectively. *P*(0) (counts per second) is the value of the plasma clearance curve *P*(*t*) at time zero, and it can be obtained by back extrapolation using a mono-exponential fit to *P*(*t*). The range used for this exponential fit was chosen to be identical with the combined extent of the individually determined LU segments. In an independent study \[[@B8]\], this choice of fitting range for the mono-exponential method has been shown to yield optimal results. The injected dose \[ID\] (counts per second) was estimated from the whole body count rate averaged over the first minute of the study and corrected for any residual activity in the region of the injection site. The detection sensitivity of activity from both the kidneys and the injected dose were considered equal, and no correction for renal depth was applied. This approximation was felt to be justified on account of the small scale of the animal model and the consistency of both size and anatomy within the sample population studied. The calculation of FUR was performed with the aid of a user-written renal curve analysis software program (Renalcurve V3.0B1) made available by Hermes Medical Solutions (Stockholm, Sweden/London, UK). A feature of this program is that the theoretical relationship between the linear segment of the PR plot and the plateau level of the renal impulse retention function \[IRF\] is utilized to identify the LU segments. The IRF is obtained by deconvolution analysis using a constrained least square method. In order to improve the robustness of the linear fit to the LU segments, an estimate of the expected intercept is calculated from the IRF and included in the fitting process as an additional data point. The resultant values for FUR were expressed in units of percent injected dose per minute. In order to test for possible dependence of the FUR values on the ROI size or position, the image data from a subset of eight kidneys were re-analyzed independently.

Histological analysis
---------------------

Tissue specimens, i.e., ischemia-reperfusion-injured right kidneys and contralateral non-ischemic kidneys, were collected for histological analysis. After paraffin embedding, histological sections were stained with hematoxylin and eosin. Structural damage was assessed by histological analysis.

Statistical analysis
--------------------

Statistical analysis was performed using paired or unpaired *t*test (two-sided). Our primary hypothesis was that ischemia-reperfusion decreases the kidney function measured by FUR. To test this hypothesis, FUR values were compared between post-ischemic and non-ischemic kidneys by paired *t*test. Data are expressed as mean ± SEM. *P*values \< 0.05 were considered statistically significant.

Results
=======

Renogram characteristics
------------------------

Renograms of ischemic kidneys exhibited functional loss in terms of flattening of the uptake slope, delayed peak, and reduced maximum height of the renogram 8 days following ischemia as compared with the initial measurement before ischemia. While the time to peak significantly improved, some flattening of the slope was still apparent by day 14 (Figure [2A](#F2){ref-type="fig"}). In comparison, renograms derived from contralateral non-ischemic kidneys showed only minor delay in time to peak and no changes in the uptake slope values (Figure [2B](#F2){ref-type="fig"}). The characteristics of a unilaterally delayed time to peak (due to prolongation of renal transit time) and reduced uptake function are similar to those commonly observed in patient studies in unilateral ischemia.

![**Ischemic and contralateral non-ischemic kidney renograms before injury and at follow-up examinations days after ischemia**. (**A**) Renal ischemia of 40 min was associated with kidney dysfunction 8 days after injury reflected by a reduced slope and decreased uptake and persisted at day 14. (**B**) While the peak height increases after injury, no changes of the slope were found during follow-up which was 8 days after injury.](2191-219X-2-2-2){#F2}

Linear uptake segment
---------------------

Figure [3A](#F3){ref-type="fig"} illustrates an example of the LU segment in the PR plot (shown between vertical black lines) which has been automatically identified from the dominant plateau in the IRF occurring prior to the peak in the renogram \[[@B9]\]. This same \'uptake interval\' is also shown on a graph of the integrated renal input curve fitted to the uptake phase of the background-corrected renogram curve. This latter graph may be used to calculate the renal output efficiency which was not used as a parameter in the present study. The triple graph display served as a quality control measure. In cases where the automatic detection of an appropriate LU segment was visually unsatisfactory, a manual adjustment was made with the aid of this display.

![**Calculation of FUR**. (**A**) Example of the LU segment in the Patlak-Rutland plot. (**B**) DRF calculated as the percentage contribution to total uptake from the left and right kidneys.](2191-219X-2-2-3){#F3}

Differential renal function
---------------------------

The tables in Figure [3B](#F3){ref-type="fig"} illustrate the differential renal uptake function \[DRF\] which is calculated as the percentage contribution to total uptake from the left and right kidneys. Values for DRF were calculated over the uptake interval by three different methods, namely (a) from the integral of the background subtracted renograms, (b) from the slopes of the PR plots, and (c) from the heights of the plateau in the IRFs. A close agreement between the values obtained by these three methods served as an additional quality control measure. Values for FUR~L~and FUR~R~, corresponding to the left and right kidneys, were then calculated by multiplication of the total FUR by DRF~L~/100 and DRF~R~/100, respectively. Repeat FUR values were obtained as a quality control check. From the subset of eight kidneys, the repeat FUR values (range, 0.9 to 23.4%ID/min) showed a linear correlation with a linear correlation coefficient *r*= 0.99, mean difference 0.65 ± 1.2%ID/min and a non-significant paired *t*test (*P*\> 0.10).

FUR for the determination of renal dysfunction following ischemia
-----------------------------------------------------------------

Unilateral ischemia of 40 min led to a significant reduction of FUR to 56.6 ± 7.0% (*P*\< 0.01) 8 days post ischemia as compared with the baseline (Table [1](#T1){ref-type="table"}, Figure [4A](#F4){ref-type="fig"}). While the mean FUR improved during follow-up, it remained significantly decreased even 14 days after injury (68.9 ± 11.2%; *P*\< 0.05). Compared to the baseline, contralateral non-ischemic kidneys (Figure [4B](#F4){ref-type="fig"}) exhibited no significant changes in subsequent scintigraphy examinations neither by day 8 (78.7 ± 9.0%; *P*= n.s.) nor by day 14 (83 ± 8.3%; *P*= n.s.).

###### 

Absolute FUR values and percentage of baseline values normalized to 100%

                   Total (%ID/min)   FUR~L~(non-ischemic kidney)   FUR~R~(40 min ischemia)   *P*                
  ---------------- ----------------- ----------------------------- ------------------------- ------------ ----- ---------
  Pre (baseline)   33.2              14.7 ± 0.6                    100                       18.5 ± 0.7   100   \< 0.01
  Day 8            21.9              11.6 ± 1.4                    79                        10.3 ± 1.1   56    n.s.
  Day 14           25.3              12.5 ± 1.6                    86                        12.8 ± 2.2   69    n.s.

Absolute FUR values are presented as total (FUR~L~+ FUR~R~) as well as separated into the left non-ischemic (FUR~L~) and the right ischemic (FUR~R~) kidneys prior to ischemia (baseline), on days 8 and 14. The changes on days 8 and 14 are depicted as percentage of baseline values normalized to 100%.

![**FUR in ischemic and non-ischemic kidneys before and following unilateral warm ischemia of 40 min**. It is presented with corresponding histological sections. (**A**) Compared with the baseline, FUR calculation detected a significant decrease in kidney function both 8 and 14 days following severe ischemia. (**B**) Contralateral non-ischemic kidneys showed no significant changes in FUR after injury. (**C**) Ischemic kidneys exhibited structural changes as signs of hypoxia without any evidence for necrosis and inflammatory infiltration, respectively. (**D**) In the contralateral non-ischemic kidneys, no structural damage was found.](2191-219X-2-2-4){#F4}

Histological analysis
---------------------

Ischemic kidneys of scid beige mice exhibited tubular dilatation and cytoplasmic degeneration as signs of hypoxia. Tissue viability was excellent with no signs of necrosis. In addition, no inflammatory infiltration was found (Figure [4C](#F4){ref-type="fig"}). Contralateral non-ischemic kidneys showed no signs of structural damage (Figure [4D](#F4){ref-type="fig"}).

Discussion
==========

A reproducible and functionally relevant experimental setup for preclinical therapy evaluation enhances the identification of effective treatment strategies and the successful translation into clinical practice. However, the preclinical model of renal ischemia-reperfusion injury exhibits only limited validity because standard parameters of kidney function were shown to drop to baseline levels within a few days after nonlethal bilateral ischemia-reperfusion injury \[[@B3]\]. Most importantly, long-term effects as a result of the regenerative capability of the kidney and the efficacy of new therapeutic strategies remain unknown. Serum creatinine as the current gold standard indicator for renal dysfunction is mainly eliminated via glomerular filtration, but glomeruli are less susceptible to an event of ischemia-reperfusion, and tubular injury occurs before a decline in glomerular filtration is noted \[[@B10]\]. Thus, the function of the tubules representing the most critically affected structures is not adequately reflected by these standard methods.

To facilitate the determination of pivotal functional long-term outcome, we aimed to overcome these limitations. The calculation of FUR allowed for the reproducible assessment of renal dysfunction following ischemic injury during long-term follow-up. In particular, using FUR, we were able to detect renal dysfunction in immunodeficient mice known to be virtually protected from ischemia-reperfusion injury. In the present murine model using male mice prior to surgery (baseline), the right kidney exhibited significantly higher absolute FUR values than the left kidney. In humans, likewise, a significantly higher mean split function of the right kidney among males was described \[[@B11]\]. To our knowledge, this is the first study to report this unequal distribution of right and left renal function in the murine setting so far. As a consequence, the extent of renal dysfunction following injury is rather dependent on the initial baseline function depicted as the percentage of baseline values normalized to 100% on days 8 and 14 (Table [1](#T1){ref-type="table"}). In reference to the baseline levels, a considerable functional decrease in the ischemic kidney was seen by day 8, although absolute values of FUR in the right ischemic kidney (FUR~R~) and the left non-ischemic kidney (FUR~L~) were quite similar during follow-up.

DRF allows for the determination of changes in relative renal function in reference to the contralateral kidney. In this particular setting, DRF may therefore not sufficiently depict but overestimate the functional effects of renal injury, as seen from the percentage baseline values normalized to 100% (Table [2](#T2){ref-type="table"}). Moreover, changes in circulation dynamics are known to cause damage of non-injured nephrons due to hyperperfusion/hyperfiltration \[[@B12],[@B13]\]. Transient dysfunction of the contralateral kidney has also been observed in some patient studies involving unilateral renal trauma \[[@B14]\]. In that paper, a hypothesis of autonomic reflex was suggested as a mechanism leading to a prolongation of parenchymal renal transit time and a flattening of the downslope in the renogram obtained for the untreated side. In the present model, potential damage of the contralateral non-ischemic kidney following unilateral renal ischemia-reperfusion injury must be assumed. This is supported by the transient flattening of the slope in the descending part of the renogram in the non-affected kidney on day 8, indicating renal dysfunction. On day 14, the slope becomes slightly steeper. Overall, no significant alterations in FUR are seen at the baseline, on day 8, and on day 14.

###### 

DRF and percentage of baseline values normalized to 100%

                   DRF~L~(non-ischemic kidney)   DRF~R~(40 min ischemia)   *P*                
  ---------------- ----------------------------- ------------------------- ------------ ----- ---------
  Pre (baseline)   44.3 ± 0.8                    100                       55.7 ± 0.8   100   \< 0.01
  Day 8            52.6 ± 1.2                    119                       47.4 ± 1.2   85    \< 0.05
  Day 14           49.9 ± 1.6                    113                       50.1 ± 1.6   90    n.s.

DRF is presented for the left non-ischemic (DRF~L~) and the right ischemic (DRF~R~) kidneys prior to ischemia (baseline), on days 8 and 14. The changes on days 8 and 14 are depicted as percentage of baseline values normalized to 100%.

A significant difference is seen between the DRF of the right injured and the left non-ischemic kidneys on day 8 (Figure [2B](#F2){ref-type="fig"}), while for FUR, this is not the case. Considering renal dysfunction of the contralateral non-ischemic kidney, as seen from the flattening of the slope of the descending part of the renogram, FUR would be expected to decrease as seen in Figure [1](#F1){ref-type="fig"}. In contrast, DRF of the non-ischemic kidney increases on day 8, as compared with the baseline. This may be misleading as relative improvement of the renal function is not necessarily associated with increased absolute function. DRF provides only relative values depending on both kidneys that may lead to inadequate conclusions on individual renal function. In contrast, the determination of kidney function using FUR in longitudinal studies bears the advantage of comparison with the initial baseline data of the healthy kidney.

Despite the great advantages of the present protocol, there may be some technical limitations. The study lacks the correction for any possible difference in depths of the left and right kidneys below the skin surface. Any such difference in depth would lead to some asymmetry in the value of DRF (and FUR) to some degree. Assuming a value of 0.12 for the linear attenuation coefficient for ^99m^Tc, one may estimate that a depth difference of 1.0 cm would result in a DRF ratio of 53%:47% (corresponding to a true ratio of 50%:50%). However, to obtain the observed distribution of 55.7%:44.3%, it would necessitate a depth difference of nearly 2.0 cm between the two kidneys which would seem unlikely for the small animal model.

FUR not only offers the advantage of expressing organ function in reference to tracer kinetics, but it has also been shown to be independent of patient size, gender, gamma camera, as well as time point and duration of examination \[[@B5]\]. Given the various interindividual differences in mice, this proves to be useful in the murine model as well. Our overall experience from the present study is that when provided care and attention to detail is paid to the implementation, then FUR seems to be a potentially very useful parameter. Importantly, this study demonstrates that a conventional gamma camera is sufficient enough to achieve highly reliable functional data.

In the present experimental setup, we investigated the functional outcome following a severe ischemia time of 40 min. In scid beige mice, this extent of injury resulted in a comparatively moderate reduction of renal function. In immunocompetent wild-type mice, a much more pronounced decrease in kidney function would be expected with a histologically distinct post-ischemic inflammation \[[@B15]\]. Histological findings in kidneys of scid beige mice were in accordance with the functional data. Tubules of ischemic kidneys only exhibited mild structural changes as signs of hypoxia without any evidence for severe damage. The absence of inflammatory infiltration in our model represents a feature of immunodeficient mice, supporting the notion of a severe ischemia-little injury model, and thus, the high reliability and sensitivity of the presented technique.

There are other important advantages of the utilized technologies. The assessment of standard renal function parameters requires kidney injury models using bilateral ischemia and unilateral ischemia with contralateral nephrectomy, respectively. The present technique enables the measure of relative renal function by the collection of separate data sets for the individual kidney so that injury may be limited to unilateral renal ischemia. Compensation of kidney function by the contralateral healthy kidney reduces morbidity and mortality while facilitating the use of severe injury models. It is important to note that ischemia times required for the desired tissue damage may vary depending on the utilized mouse strain. The clinical situation, of course, is often much more complicated. This type of acute unilateral kidney injury does not intend to represent a clinically realistic model. It rather serves as a simplified but useful model for future therapy evaluation in the field of kidney regeneration.

Conclusion
==========

Bearing in mind the poor prognosis of patients with renal failure and the shortage of transplants, our data could be of considerable importance for the identification of novel treatment modalities to improve kidney allograft function and survival. Before any new treatment modality should be translated into a clinical setting, reliable preclinical studies are absolutely mandatory. Our model may aid to develop the respective studies and to reproducibly demonstrate the functional relevance of the investigated treatment regimen for renal and vascular regeneration.
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